Development and Evolution of a Variable Left–Right Asymmetry in Nematodes: The Handedness of P11/P12 Migration  by Delattre, Marie & Félix, Marie-Anne
Developmental Biology 232, 362–371 (2001)
doi:10.1006/dbio.2001.0175, available online at http://www.idealibrary.com onDevelopment and Evolution of a Variable
Left–Right Asymmetry in Nematodes:
The Handedness of P11/P12 Migration
Marie Delattre and Marie-Anne Fe´lix
Institut Jacques Monod, CNRS, Universite´s Paris 6 and 7,
Tour 43, 2 Place Jussieu, 75251 Paris Cedex 05, France
In Caenorhabditis elegans, two lateral blast cells called P(11/12)L and P(11/12)R are symmetric left–right homologs at
hatching, migrate subsequently in opposite anteroposterior directions during the first larval stage, and adopt two different
fates, thus breaking the symmetry between them. Our results show that, unlike most other cell fate decisions in C. elegans,
the orientation of P(11/12)L/R migration is highly biased, but not fixed. The handedness of their migration is linked to whole
body handedness and is randomized in lin-12/Notch mutants and by ablation of the Y cell. Migration handedness is
independent of P11 and P12 fate determination, previously shown to require the LIN-44/Wnt and the LIN-3/EGF pathways
(L. I. Jiang and P. W. Sternberg, 1998, Development 125, 2337–2347). We further show that several changes in P(11/12)L/R
asymmetry have occurred during nematode evolution: loss of asymmetry or reversals in orientation of migration. Strikingly,
for most species studied, handedness of migration is highly biased but not fixed. Thus, whereas the final cell fate pattern of
P11/12 is invariant, the developmental route leading to it is subject both to developmental indeterminacy and to
evolutionary variations. © 2001 Academic Press
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Like other Bilateria, nematodes are mostly symmetric
between the left and the right sides of the body, but exhibit
some residual asymmetries. Here we report on the study of
a left–right asymmetry between two lateral blast cells
called P(11/12)L and P(11/12)R.
At hatching in Caenorhabditis elegans, 12 ventral epider-
mal blast cells, the Pn cells, are positioned along the
anteroposterior axis in six left–right pairs (Fig. 1A). During
the first larval (L1) stage, they rotate and become aligned
along the anteroposterior axis in the ventral cord (Sulston
and Horvitz, 1977). Under Nomarski optics, this rotation is
seen as a ventral migration of Pn cell nuclei, coming from
the left and right sides of the body. The left and right cells
of a Pn pair contact each other on their ventral side and
remain in contact during rotation (Sharma-Kishore et al.,
1999) (Fig. 1).
For the most posterior pair, P(11/12)L designates the left
cell before migration, P(11/12)R the right cell. After migra-
tion, the anterior cell is called P11, the posterior cell P12
(Sulston and Horvitz, 1977). The two cells are symmetric
362eft–right homologs in the embryonic lineage (Sulston et al.,
983). For most pairs, the rotation occurs in either direction
ith the same probability. However in C. elegans, rotation
s biased for the P1/2 and P11/12 pairs. In the latter case,
ulston and Horvitz (1977) reported that in 7/7 animals, P11
ame from the left and P12 from the right. P11 and P12 then
dopt two different fates (Fig. 1B). Like the other Pn cells,
hey divide and give rise to a Pn.a cell (neuroblast) and a
n.p cell. P11.a and P12.a give rise to different types of
eurons; P11.p fuses with the epidermal syncytium hyp7,
ike more anterior Pn.p cells, whereas P12.p divides once
ore and one daughter contributes to the rectum (Fig. 2C)
Sulston and Horvitz, 1977).
The P(11/12)L/R blast cells can be found in the L1 larva of
ther nematode species and they adopt two different fates
s in C. elegans. Sternberg and Horvitz (1982) have shown
hat in Panagrellus redivivus as in C. elegans, P cell
rotation is not random for the P1/2 and P11/12 pairs.
However, in P. redivivus, the anterior cell P11 comes from
the right side of the body, in contrast to C. elegans. This
homology of the cells between species and the variation
described in Panagrellus prompted us to undertake an
0012-1606/01 $35.00
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363The Handedness of P11/P12 Migration in Nematodesevolutionary comparison of the behavior of this cell pair.
We then wondered how the asymmetry in migration be-
tween these two cells is established during development
and whether the handedness of their migration is linked
with their distinct fate determination.
We show that the chirality of migration and the final cell
fate determination of P11/12 are controlled by distinct
mechanisms in C. elegans and that the former requires the
resence of the Y cell and is linked to whole body handed-
ess. We also show that the orientation of migration is
ighly biased but not fixed in C. elegans, nor in any of the
pecies which we studied, and that it has switched polarity
everal times during evolution. In addition, it appears fully
andom in some species. Thus, although all species have
he same final pattern of P11 and P12 fates, the handedness
f migration of P(11/12)L/R is not fixed in the development
f a given species and is subject to evolutionary changes.
MATERIALS AND METHODS
Strains and Culture Conditions
The nematode species listed in Fig. 3 have been kindly provided
FIG. 1. Migration of the two left–right asymmetric cells P(11/12)L
side of the body. During the first larval stage, the nuclei of these c
axis. The anterior cell is then called P1 and the posterior cell P1
(circles). The P11/12 pair is located immediately anterior to the r
daughters (P11.p and P12.p) adopt two different fates, characterized
side is in red, right side is in green. P11 and P12 fates are represen
contacting each other during rotation. Cell shape is highly schemaby L. Carta, D. Fitch, P. De Ley, J. Baldwin, W. Sudhaus, and the C.
Copyright © 2001 by Academic Press. All rightelegans Genetics Center. We did not study species of the Diplo-
gastridae, another family of free-living soil nematodes (such as
Pristionchus pacificus), because migration of the Pn cells occurs in
the late embryo before hatching and is therefore difficult to follow
in these species.
N2 (Bristol) strain was used as wild-type C. elegans. The follow-
ng mutant alleles were used.
c LG I: lin-17(n671) (Ferguson and Horvitz, 1985), lin-44(n1792)
(Herman and Horvitz, 1994).
c LG III: ncl-1(e1865) (Hedgecock and Herman, 1995), egl-
(n486) (Trent et al., 1983), unc-36(e251), dpy-19(e1259), unc-
2(e189) (Brenner, 1974), lin-12(n137), lin-12(n941), lin-
2(n137n720), lin-12(n676n930), lin-12(n676n909), qDp3 (Austin
nd Kimble, 1987). lin-12(n137) is a semidominant gain-of-function
llele (Greenwald et al., 1983). n941 is a putative null allele (Wen
nd Greenwald, 1999). n137n720 and n676n909 are reduction-of-
unction alleles (Seydoux et al., 1990). n676n930 is a temperature-
sensitive reduction-of-function allele (Sundaram and Greenwald,
1993).
c LG IV: unc-24(e138) (Brenner, 1974), lin-3(n378), lin-3(n1059)
(Ferguson and Horvitz, 1985), let-59(s49) (Rogalski and Baillie,
1985), dpy-20(e1282) (Brenner, 1974), unc-22(s7) (Moerman and
Baillie, 1979). lin-3(n378) is a reduction-of-function allele. lin-
3(n1059) is a lethal loss-of-function allele (Ferguson and Horvitz,
(11/12)R. (A) At hatching, six pairs of Pn cells are located on either
(circles) enter the ventral cord and align along the anteroposterior
lston and Horvitz, 1977). (B) Lateral views of P(11/12)L/R nuclei
m. After their migration, the two cells divide and their posterior
eir lineage (the lineage of the anterior daughters is not shown). Left
y a circle and a square, respectively. (C) Ventral views of the cellsand P
ells
2 (Su
ectu
by th
ted b1985; Liu et al., 1999).
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364 Delattre and Felixc LG V: lag-2(q420) (Lambie and Kimble, 1991), him-5(e1490)
(Hodgkin et al., 1979). lag-2(q420) is a temperature-sensitive
reduction-of-function allele.
c LG X: bar-1(sy324) (A. Golden, L. Jiang, and P. Sternberg, pers.
omm.).
The following strains were used.
c MT1306 lin-17(n671). PS2308 lin-44(n1792); lin-3(n378) let-
9(s49) unc-22(s7)/unc-24(e138) lin-3(n1059) dpy-20(e1282).
T1081 egl-5(n486). CB189 unc-32(e189). MT688 lin-12(n137)/
nc-32(e189); him-5(e1467). MT2375 dpy-19(e1259) lin-12(n137)/
nc-32(e189) lin-12(n676n909); him-5(e1490). GS67 ncl-1(e1865)
nc-36(e251) lin-12(n941); qDp3. MT2343 lin-12(n137) dpy-
9(e1259)/lin-12(n137n720) unc-32(e189). GS60 unc-32(e189) lin-
2(n676n930). JK1277 lag-2(q420). PS1489 bar-1(sy324).
c JU105: The sy466 mutant is a partially sinistral mutant of the
scheius/Dolichorhabditis sp. CEW1 (the genus name of this
pecies is currently under revision; L. Carta, pers. comm.; see Fe´lix
t al., 2000a). This mutant was isolated in a random F2 screen after
MS mutagenesis of the CEW1 strain on the basis of its partially
enetrant egg-laying defective phenotype. It was outcrossed five
imes to wild type and the temperature-sensitive sinistral pheno-
ype cosegregated with the following phenotypes: enlargement of
he vulval competence group to P3.p, egg-laying defective (partial
enetrance), and gonadal defects (temperature-sensitive). The pro-
ortions of sinistral animals in wild-type CEW1 and sy466 animals
re 0/200 (0%) and 4/96 (4%) at 20°C, 0/100 (0%) and 28/230 (12%)
t 25°C, and 0/39 (0%) and 67/348 (19%) at 28°C, respectively. The
nimals were raised at 25°C for observations of P11/12 migration,
ecause sterility was high at 28°C. Among the left–right asymme-
ries defined in Sulston and Horvitz (1977), we checked that the
FIG. 2. Nomarski photomicrographs of P11/12 development. (A)
C. elegans L1 larva, sagittal view. The left cell nucleus has
migrated into the ventral cord. The Y cell nucleus is on the
midline. (B) Right lateral view of the same animal. The right cell
nucleus is still on the right side, posterior to its left counterpart.
This configuration corresponds to the orientation of P11/12 migra-
tion in most wild-type C. elegans larvae: P11 comes from the left
nd P12 from the right. (C) P11.p and P12.pa have two different
orphologies in a L4 larva, which serve as markers of P11/12 fates.
cale bar, 10 mm.ositions of the gonad, ventral nerve cord, coelomocytes, M cell,
Copyright © 2001 by Academic Press. All rightnd sphincter muscle were inverted in sinistral compared to dextral
y466 animals.
c Standard media and methods for culturing and breeding were
as described in Sulston and Hodgkin (1988). Most strains were
grown at 20°C. GS60 and JU105 were grown at 25°C (unless
otherwise indicated). JK1277 was grown at 18°C; gravid hermaph-
rodites were shifted at 25°C and P11/12 migration was followed in
their progeny. All microscopic observations were performed at
room temperature.
Temperature-Shift Experiment of the lin-12(ts)
Allele
The lin-12(n676n930) allele is a temperature-sensitive allele
Sundaram and Greenwald, 1993). At 15°C, 70% of L1 larvae have
Y cell (43/60) and 30% have no Y cell (17/60), whereas animals
rown at 25°C (restrictive temperature) have no Y cells (42/42). In
omparison, wild-type animals grown at 25°C always have a Y cell
61/61). For the shift experiment, the GS60 strain was cultured at
5°C. Embryos that were born at 15°C were placed at 25°C. Two
ours later, larvae that had already hatched were killed so that the
nimals which were later observed for P11/12 migration had been
hifted at 25°C at least 2 h before hatching. Thus, 70% of these
nimals have a Y cell at the time of P11/12 migration but the
igration occurs in the absence of a functional LIN-12.
Cell Nomenclature
Once the 12 Pn cells are aligned along the anteroposterior axis of
the mid-L1 larva, they are named P1 to P12 from anterior to
posterior. Earlier in the L1 stage, they are positioned in six
left–right pairs. For the most posterior pair, P(11/12)L designates
the left cell of the pair, P(11/12)R the right cell, whereas P(11/
12)L/R designates the pair before migration. P11 and P12 designate
these cells after migration, as well as their distinct fates. P11/12 is
used for the pair in general, either before (if not ambiguous) or after
migration.
Microscopy
Mid-L1 stage larvae were mounted on agar pads as described in
Sulston and Hodgkin (1988), and P11/12 migration was observed
using a Zeiss Axioskop with 1003 Nomarski optics. Migration of
the Pn cells usually follows an anteroposterior chronology, with
P1/P2 migrating first and P11/P12 last. Within the P11/12 pair, the
order of P11/12 migration is not fixed: P11 migrates first in 19/31
wild-type C. elegans. In C. elegans, the entire migration of all Pn
cells from P1 to P12 takes half an hour to 1 hour. For some species,
especially in the Cephalobidae family, it lasts only 5 min.
For balanced mutant strains, the genotype of the animal was
later checked in the adult stage. In this case, the L1 larva was
transferred onto a fresh agar plate shortly after P11/12 cell migra-
tion and allowed to grow until adulthood.
The final P11/P12 cell fate pattern was scored in the L4 stage by
observing nuclear morphology of P11.p and P12.pa (see Fig. 2C and
Jiang and Sternberg, 1998).
Cell ablation experiments were carried out on larvae picked 0–1
h after hatching, as described in Bargmann and Avery (1995).
s of reproduction in any form reserved.
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The Orientation of P(11/12)L/R Migration Is Not
Fixed
Sulston and Horvitz (1977) reported that in 7/7 C. elegans
larvae, the left cell of the P(11/12)L/R pair migrated anteri-
orly and became P11, whereas the right cell migrated
posteriorly and became P12. We observed the migration of
P(11/12)L/R in additional C. elegans wild-type hermaphro-
dites. Surprisingly, the orientation of migration is not fixed.
For 29/34 animals observed, P12 came from the right, but in
the remaining 5 animals, it came from the left (Table 1).
Thus, the lineage relationship between the left and the right
cells of the pair and P11/P12 is not fixed, but highly biased
(around 85%), whereas the final P11/P12 cell fate pattern is
TABLE 1
Orientation of P(11/12)L/R Migration and P11/P12 Determination
Genotype Homolog
Wild type C. elegans N2
(A) C. elegans mutants aff
in-17(n671) Frizzled (lf)
lin-44(n1792); lin-3(n378) Wnt; EGF (lf)
egl-5(n486) AbdB (lf)
bar-1(sy324) Armadillo (lf)
(B) Sinistral mutant in Osch
Wild type CEW1
sy466, dextral, 25°C
sy466, sinistral, 25°C
(C) C. elegans mutants
lin-12(n676n909) Notch (lf)
lin-12(n137n720) Notch (lf)
lin-12(n676n930ts), 25°C Notch (lf)
lin-12(n941) Notch (lf)
lag-2(q420ts), 25°C Delta (lf)
Note. The number of animals in which P(11/12)R migrated pos
determined for different genotypes. lf, loss-of-function allele. Most
several strains were constructed using unc-32(e189) as a marker fo
migration (12/15 animals with the right cell migrating posteriorly
a Data from Jiang and Sternberg (1998).
b Significantly different from wild-type N2 (x2 test, P , 0.05).
c The loss of the free duplication qDp3 that balances lin-12(n
phenotypes have a cellular focus in the MS-derived gonad (Seydoux
artial mosaics in which lin-12(1) is still present for the decision i
nderestimate the effect of lin-12(n941).invariant.
Copyright © 2001 by Academic Press. All rightMutations Affecting P11/P12 Fate Determination
Do Not Affect the Orientation of P(11/12)L/R
Migration
In C. elegans, if P(11/12)R is ablated, the left cell adopts
the P12 fate (Sulston and Horvitz, 1977). Thus, P(11/12)L
and P(11/12)R are both competent to adopt the P12 fate.
During embryogenesis, a Wnt signal LIN-44 renders both
cells competent to receive a LIN-3/EGF determination
signal, which in turn activates the Ras–MAP kinase path-
way in the posterior cell, leading to expression of the Hox
gene egl-5/Abd-B (Jiang and Sternberg, 1998). The cell
expressing EGL-5 adopts a P12 fate. LIN-3 is expressed in
some cells in the tail that lie posterior to the P11/12 pair (P.
Sternberg, pers. comm.) and might act as an asymmetric
signal activating the P12 fate in one of the cells only. We
wondered whether the right cell usually moves posteriorly
Two Independent Processes
Migration
P12
from the right
Determination
P12 to P11
transformation
29/34 (85%) 0/many (0%)
g P11/P12 determination
11/12 11/41 (27%)a
10/12 124/159 (78%)a
12/12 41/47 (87%)
20/24 (83%) 43/43 (100%)
Dolichorhabditis sp. CEW1
24/28
30/40
4/15
ting P11/12 migration
13/30 (44%)b 0/20 (0%)
6/13 0/38 (0%)
24/40 (60%)b 4/57 (7%)
25/40 (62%)b,c 0/23 (0%)
34/48 (71%)
rly and the number with a P12 to P11 fate transformation were
e lin-12 alleles were balanced because of sterility or lethality. As
lin-12 allele, we checked that this mutation did not affect P11/12
was scored as animals that were PVul and sterile; since these
Greenwald, 1989; Seydoux et al., 1990), this set is likely to contain
/12 migration (Y/DA9 are descendants of ABp) and may thereforeAre
ectin
eius/
affec
terio
of th
r the
).
941)
and
n P11as a consequence of receiving the LIN-3 signal and adopting
s of reproduction in any form reserved.
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366 Delattre and Felixa P12 fate or if it adopts a P12 fate as a consequence of its
posterior migration. We therefore determined the orienta-
tion of P(11/12)L/R migration in mutants affecting P12
determination: a lin-44; lin-3 double mutant, a lin-17 mu-
ant (LIN-17 is the putative receptor of Wnt/LIN-44; Her-
an et al., 1995; Sawa et al., 1996), a bar-1 mutant
FIG. 3. Evolution of the handedness of P11/12 migration in the
nematode order Rhabditida. The number of animals with the right
cell migrating posteriorly is indicated for each species. Species for
which P12 usually comes from the left are boxed with a full line.
Those for which the migration appears to be unbiased are boxed
with a dashed line. All individuals observed were dextral, except for
A. bodenheimeri. The data for P. redivivus are from Sternberg and
Horvitz (1982) (the animal with reversed P11/12 migration may
have been sinistral). The phylogeny indicated on the left is based on
Blaxter et al. (1998), Fe´lix et al. (2000b), Sudhaus and Fitch (2001),
and D. Fitch, personal communication. The relative positions of
the three families and that of Brevibucca are uncertain (discussed
in Fe´lix et al., 2000b). The favored topology (with the Cephalobidae
and Panagrolaimidae in a common clade not comprising the
Rhabditidae) is drawn here. Brevibucca (family Brevibuccidae) is
classically classified close to the Panagrolaimidae (Andrassy, 1984).
*In Rhabditella axei, the relative anteroposterior nuclear positions
of P(11/12)L/R before migration (a good indicator of their subse-
quent pattern of migration) was scored in additional animals; this
resulted in a total of 54/117 animals (46%) with the right cell
moving posteriorly.(BAR-1/Armadillo is an effector of the Wnt pathway; Eisen-
Copyright © 2001 by Academic Press. All rightann et al., 1998), and an egl-5 mutant. In all mutants
bserved, both cells of the P11/12 pair generally adopt the
11 fate (Table 1A). If the migration handedness was a
onsequence of fate determination, it should be unbiased in
hese mutants. However, we see a biased migration pattern
f P(11/12)L/R similar to that of wild type (Table 1A). Thus,
left–right asymmetry between the two cells of the P11/12
air still exists in mutants of their final fate determination.
Left–Right Asymmetry in the P(11/12)L/R Pair Is
Linked to Whole Body Handedness
In C. elegans, the left–right asymmetry of the body plan is
stablished at the six-cell stage (Wood, 1991). All individu-
ls display the same body handedness defined as dextral (zur
trassen, 1951). The most striking asymmetry of the adult
ermaphrodite is that of the gonad: the anterior gonadal
rm lies on the right of the intestine, whereas the posterior
rm is on the left. By micromanipulation of blastomeres at
he six-cell stage, the orientation of left–right asymmetric
ells can be inverted, giving rise to a sinistral animal (Wood,
991). Is the handedness of P11/12 migration also affected
n sinistral animals? Because no mutants of left–right
symmetry are available to date in C. elegans, we made use
f a partially sinistral mutant, called sy466, that we had
solated fortuitously in the species Oscheius/
FIG. 4. Indeterminacy in the development and variations in the
evolution of P11/12 migration. Migration and determination of
P11/12 are two independent steps in C. elegans development. (1)
Migration orientation is not fixed but biased, and this bias depends
on body handedness, the lin-12/Notch receptor, and the presence of
the Y cell. Left is in red, right in green. (2) Determination is fixed:
the anterior cell adopts the “P11 fate” (circle), the posterior cell the
“P12 fate” (square). P12 fate determination is affected by mutations
in the lin-44/Wnt, lin-3/EGF, and egl-5/Hox pathways (Jiang and
Sternberg, 1998). The orientation of P11/12 migration varies be-
tween nematode species (changes in polarity and in the presence of
a bias), whereas the final fate pattern is invariant.
s of reproduction in any form reserved.
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367The Handedness of P11/P12 Migration in NematodesDolichorhabditis sp. CEW1 (see Materials and Methods). At
25°C, 12% (n 5 230) of homozygous sy466 animals are
sinistral, as determined by the positions of known asym-
metric cells (see Materials and Methods). In sy466 animals,
he P12 cell usually comes from the right in dextral indi-
iduals (as in the wild type in this species), but from the left
n sinistral animals (Table 1B). Handedness of P(11/12)L/R
igration thus correlates with whole body handedness.
Moreover, we studied a natural sinistral population in the
enus Acrobeloides. Most nematode species are dextral.
owever, we previously reported that in the species Acro-
eloides bodenheimeri JB007 (family Cephalobidae), most
nimals are sinistral (Fe´lix et al., 1996). Blastomere position
t the six-cell stage is reversed compared to a closely related
extral species and known asymmetric cells are inverted in
arvae and adults (Fe´lix et al., 1996; De Ley et al., 1999).
(11/12)L/R migration is also reversed in JB007, in compari-
on to closely related dextral species of the same genus
DF5049 and DF5048) (De Ley et al., 1999) (Fig. 3).
In conclusion, the observed inversions in P(11/12)L/R
igration in the Oscheius/Dolichorhabditis sp. mutant
nd in the sinistral species A. bodenheimeri both suggest
hat the asymmetry between the left and the right cells of
he P(11/12)L/R pair is linked to whole body handedness.
Mutations in the LIN-12/Notch Receptor Affect the
Orientation of P(11/12)L/R Migration but Not P11
and P12 Fate Determination
The Notch receptor is often involved in intercellular
signaling between neighboring cells (Greenwald, 1998). The
two C. elegans Notch homologs, lin-12 and glp-1, are
known to be involved in several left–right symmetry break-
ages during embryogenesis (Hutter and Schnabel, 1994,
1995; Moskowitz and Rothman, 1996; Hermann et al.,
2000). We wondered whether one of them could be involved
in the establishment of the left–right asymmetry of P(11/
12)L/R in C. elegans, by lateral inhibition between the two
cells and/or by contact with a third cell. We studied P11/12
in lin-12 mutants (glp-1 mutants die as young L1 larvae
before P cell migration). P11 and P12 fates are not affected
in any of the mutants (or only slightly for lin-12(n676n930);
Table 1C and Greenwald et al., 1983). In contrast, P(11/
12)L/R migration is clearly affected and apparently random-
ized in three lin-12 reduction-of-function alleles, n137n720
(Seydoux et al., 1990), n676n930 (Sundaram and Greenwald,
1993), and n676n909 (Seydoux et al., 1990), and in the
putative null allele n941 (Wen and Greenwald, 1999) (Table
1C). An absence of symmetry breakage between the two
cells should result in an unbiased 50%–50% orientation of
migration, because the two cells cannot physically migrate
to the same position.
We also observed the migration of P11/12 in a lag-2
mutant. LAG-2 is one of the four C. elegans homologs of
the Delta protein, which is the ligand of Notch in Drosoph-
ila (Henderson et al., 1994; Tax et al., 1994). P11/12
migration is not clearly affected in this temperature- d
Copyright © 2001 by Academic Press. All rightsensitive hypomorphic allele, although the bias in orienta-
tion may be reduced (Table 1C).
The Y Cell Is Required for the Bias in P(11/12)L/R
Migration
lin-12(lf) mutants show a Y to DA9 fate transformation
(Greenwald et al., 1983). The Y cell is a rectal epidermal
cell, positioned on the ventral midline at hatching, and
DA9 is a neuron. In the C. elegans hermaphrodite, the Y
cell later becomes a neuron (called PDA) and is replaced by
the P12.pa cell as a part of the rectum wall. The Y cell is not
required for P12 determination (Table 1C). Because it is
very close to P11/12 (Fig. 2A), we wondered, however,
whether it could play a role in P(11/12)L/R asymmetry. We
ablated Y within 1 h after hatching. In the absence of Y, the
bias in P(11/12)L/R migration is lost, as in lin-12(lf) mu-
ants (Table 2A). Thus, the Y cell is required for the bias in
(11/12)L/R migration.
The simplest explanation is that lin-12 is required for the
etermination of Y, which then biases the orientation of
(11/12)L/R migration by an unknown mechanism. The Y
ell does not appear to be positioned asymmetrically at this
tage. Moreover, heterozygotes or homozygotes for the
TABLE 2
Absence of the Y Cell Leads to an Unbiased P11/12 Migration
Genotype Number of Y cells
Migration
P12
from the right
(A) Laser ablation
ild type Y ablation 14/24 (58%)a
Mock ablation 15/18
(B) Gain-of-function allele
in-12(n137) 2 17/23
(C) Temperature-shift experiment
of a temperature-sensitive allele
in-12(lf) None 17/33 (51%)b
1 42/47 (89%)
Note. (A) Mock ablations were made on neurons located close to
, to see if the laser heat could by itself affect the migration. (B) The
rientation of P11/12 migration was scored in lin-12(n137) or
in-12(n137)/1 animals with two Y cells. (C) The temperature-
ensitive n676n930 mutant was shifted from 15 to 25°C 2–5 h
efore hatching (see Materials and Methods). Under these condi-
ions, some animals have a Y cell and some do not, and P11/12
igration occurs in the absence of a functional LIN-12.
a Significantly different from wild-type N2 (x2 test, P , 0.05).
b Significantly different from N2 and from animals with 1 Y cell
x2 test, P , 0.05).ominant gain-of-function allele lin-12(n137) have two Y
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this does not appear to have a strong effect on the orienta-
tion of P11/12 migration (Table 2B).
lin-12 could also be required twice for P11/12 migration,
once in the embryo for Y cell determination and a second
time for an induction by Y or a fourth cell or for lateral
signaling between P(11/12)L/R. We tried to determine
whether lin-12 was required in the early larva for the bias in
P11/12 migration. Using an antibody raised against GFP in
a LIN-12::GFP strain (kindly provided by I. Greenwald;
Levitan and Greenwald, 1998), we were unable to see any
expression of the molecule in the P11/12 region in young L1
larvae, as previously described by Wilkinson and Green-
wald (1995) with a lin-12<lac-Z strain. This favors the
hypothesis that lin-12 is required only earlier in the embryo
for the determination of Y. Moreover, we made use of the
lin-12(n676n930) temperature-sensitive allele to score ani-
mals with a Y cell in the absence of a functional LIN-12 (see
Materials and Methods). As shown in Table 2C, the pres-
ence of a Y cell induces a biased orientation of migration
toward P12 coming from the right, even without a func-
tional LIN-12. In animals without a Y cell, however, the
orientation of migration remains unbiased, which further
demonstrates the role of the Y cell. These results strongly
suggest that lin-12 is required only once during embryogen-
esis for Y cell determination, which then leads to the
asymmetry in the P(11/12)L/R pair.
In summary, we showed that in animals with defects in
P12 fate determination, the migration of the two cells is
still biased. Conversely, in the absence of the Y cell, the
handedness of migration of P(11/12)L/R is affected, whereas
the two cells still adopt the normal pattern of cell fates.
These results show that handedness of migration and cell
fate determination of P11/12 are controlled by distinct
mechanisms in C. elegans (Fig. 4).
The Handedness of P11/12 Migration Has
Frequently Changed without Fixation during
Evolution of Nematodes
The orientation of P11/12 migration in P. redivivus
(family Panagrolaimidae) was previously shown to be re-
versed compared to C. elegans (family Rhabditidae) (Stern-
erg and Horvitz, 1982). We wondered what the pattern of
volution of this character was and whether species with
andom P11/12 migration existed. P11/12 migration was
bserved in species of three families in the order Rhab-
itida, namely the Rhabditidae, the Panagrolaimidae and
he Cephalobidae, and in one species of the Brevibuccidae
Fig. 3). Except for A. bodenheimeri, all species are dextral.
We found three types of P11/12 migration: (i) highly biased
like in C. elegans, with the posterior P12 cell usually
coming from the right side; (ii) highly biased with a reversed
polarity, i.e., with P12 usually coming from the left side;
(iii) apparently fully random, like for other Pn cell pairs,
with P12 coming from the right in around 50% of animals
(DF5006 and DF5025) (Fig. 3). s
Copyright © 2001 by Academic Press. All rightWithin the family Rhabditidae, we found the three pos-
sibilities. In the dextral species of the family Cephalobidae,
P11/12 migration is biased toward P12 coming from the
right. In contrast, in the three species of the family Pana-
grolaimidae and in Brevibucca sp. (Brevibuccidae), P11/12
migration is biased toward P12 coming from the left (Fig. 3).
DISCUSSION
Migration Handedness and Fate Determination of
P11/12 Are Two Independent Developmental
Processes
The biased migration of P(11/12)L and P(11/12)R defines
an asymmetry between the left and the right cells of the
pair. We showed that in animals with defects in P11 and
P12 fate determination (mutants in the lin-44/Wnt and
lin-3/EGF pathways and egl-5 mutants), the migration of
the two cells is still biased. Conversely, in sinistral animals,
in lin-12/Notch mutants, and after Y ablation, the handed-
ness of migration of P(11/12)L/R is clearly affected, whereas
the two cells still adopt the normal pattern of cell fates (P11
fate for the anterior cell, P12 for the posterior cell). This
suggests that the process controlling the chiral migration of
P(11/12)L/R is independent of the fate-determination sig-
naling pathways (Fig. 4). Also, unlike the final P11/12 fate
pattern, the chirality of P(11/12)L/R migration is not fixed
in a given species and varies between species.
Determination of the Handedness of P(11/12)L/R
Migration by Cell Interactions
In sinistral animals, the orientation of P(11/12)L/R mi-
gration is reversed (Table 1B), like other asymmetric cell
configurations (but unlike cuticle handedness; Bergmann et
al., 1998). We conclude that P(11/12)L/R asymmetry is a
consequence of the first symmetry breakage in the six-cell
stage embryo that leads to left–right asymmetry of the
whole body plan (Wood, 1991). Global handedness inver-
sion of the embryo probably results in an inversion of some
cell–cell contacts that are instrumental in creating an
asymmetry between P(11/12)L and P(11/12)R.
We have found that in lin-12 mutants, the bias in the
handedness of P(11/12)L/R migration is abolished (Table
1C). There are several possibilities as to the site of action of
LIN-12 in a cell–cell interaction. First, LIN-12-dependent
signaling plays a role in most cases of lateral inhibition
between neighboring cells with a common developmental
competence (Greenwald et al., 1983). An obvious site of
ction for lin-12 would be in a lateral inhibition between
P(11/12)L/R. Second, LIN-12 is also recruited in inductive
signaling between nonequivalent cells (Greenwald, 1988;
Moskowitz and Rothman, 1996; Newman et al., 1995;
ermann et al., 2000). In the P(11/12)L/R context, it may be
nvolved in signaling from a third cell (such as Y in the L1
tage) to one or both cells. Because LIN-12 is the receptor, it
hould then also be expressed in P(11/12)L or P(11/12)R.
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369The Handedness of P11/P12 Migration in NematodesHowever, we did not observe expression of LIN-12 in either
cell of the P11/12 pair, at least from the time of hatching.
Moreover, the Y-ablation and temperature-shift experi-
ments indicate that lin-12 may be required for P(11/12)L/R
symmetry only because it is required earlier to specify the
cell (Table 2).
From the timing of the ablation experiments, the pres-
nce of Y appears to be necessary after hatching for inducing
he bias in P11/12 migration. At this time, the Y cell
ucleus is positioned at the midline (Fig. 2A) and apparently
t a symmetric position compared to P(11/12)L and P(11/
2)R, which cannot explain the bias in migration orienta-
ion. By Nomarski optics, it is difficult to distinguish cell
ontours and it is possible that the pattern of cell contacts
s asymmetric or that Y expresses a signal asymmetrically.
n the other hand, another process could be at the origin of
he asymmetry of response between P(11/12)L and P(11/
2)R and the Y cell would only have a permissive role in the
rientation of migration.
The Handedness of P(11/12)L/R Migration Varies
between Species
We determined the handedness of P11/12 migration in a
wide range of free-living nematode species belonging to
three closely related families (Fig. 3). Within the family
Cephalobidae, the direction of the bias in P11/12 migration
appears constant (P12 usually from the right), with the
exception of the sinistral A. bodenheimeri. In the family
Panagrolaimidae, the opposite handedness was found in the
three species observed. The family Rhabditidae displays
several intrafamily evolutionary changes: inversions in the
orientation of bias as well as apparent absence of any bias.
Given the known phylogeny (D. Fitch, pers. comm.; Blaxter
et al., 1998), the most parsimonious hypothesis is that the
ancestor of all Rhabditidae had the posterior cell P12
coming from the left side and that the situation found in C.
elegans is derived. The unresolved upper part of the tree
contains species with either orientation, as well as with
apparently no bias. Whether or not the unbiased situation is
an intermediate, at least three changes must have occurred
within the Rhabditidae (provided the position of Rhabditis
blumi is correct). Outside the Rhabditidae, the relative
ositions of the three families and that of Brevibucca are
nclear (see legend to Fig. 3), but in any configuration, at
east one inversion of P11/12 handedness must have taken
lace between the Cephalobidae and the Panagrolaimidae
nd/or the basal Rhabditidae. Thus, with the inversion in A.
odenheimeri, at least five independent changes in P11/12
igration are likely to have occurred within the order
habditida during the evolution of P11/12 migration.
At which level does the evolutionary variation operate?
he Y cell could be a good candidate, but we have observed
he presence of a Y cell in all the species studied, even in
pecies with an unbiased orientation of P11/12 migration
data not shown). We saw that one source of evolutionary
ariation in P11/12 handedness, namely the inversion in
Copyright © 2001 by Academic Press. All righthe sinistral A. bodenheimeri, acted very early in develop-
ment, at least as early as ABa and ABp divisions. The
orientation of migration also varies between dextral species
(all the other species shown in Fig. 3 are dextral). One
possibility is that the orientations of some cell interactions
have changed during evolution of these species. Even if
early cleavage handedness is the same in all dextral species,
it is possible that an asymmetric cell be located on the left
in one species and on the right in another, because of altered
migrations in the embryo or because of a switch in fate.
The Handedness of P(11/12)L/R Migration Is Not
Fixed in a Given Species
We demonstrate here a rare case of indeterminacy in the
cell lineage of C. elegans, which concerns the handedness of
migration of P(11/12)L and P(11/12)R and the resulting
lineage relationship between these cells and P11/12. Strik-
ingly, this indeterminate decision is biased (like P1/2 mi-
gration), whereas most previously described examples (the
AC/VU decision, migration of other Pn cell pairs) have an
unbiased 50%–50% outcome (Sulston and Horvitz, 1977).
Moreover, the handedness of P11/12 migration is not
fixed in any of the 21 species in which we observed a large
number of animals (10 or more) and appears unbiased in
only 2 of these species (Fig. 3). Thus, surprisingly, even
though the direction of the bias switches during evolution,
the handedness of migration appears to remain biased but
not fixed. These results on P11/12 migration can be com-
pared and contrasted with our previous findings concerning
anchor cell determination in nematodes. In C. elegans,
either of two gonadal cells can become an anchor cell (AC)
or a ventral uterine precursor (VU) and the decision is
random and unbiased. In other nematodes, the AC/VU
decision can be biased or fully fixed to either of them (Fe´lix
and Sternberg, 1996). Thus, whereas the full range of
possibilities was found in the AC/VU case, we mostly
found biased handedness for P11/12 migration (with a
greater number of species studied and the same evolution-
ary range).
How can such a partial bias be maintained during evolu-
tion? Whichever direction P11/12 migrate, the outcome is a
configuration with one anterior cell and one posterior cell.
Because their determination is independent of their migra-
tion, these cells adopt the P11 and P12 fates, respectively,
regardless of their left–right origin. Whereas having a cell
with a P12 fate is likely to be important for correct rectum
formation, the handedness of the cell migration may not be
under strong selection pressure. In other words, the final
P11/12 cell fate pattern matters to the animal, but probably
not the developmental route (the handedness of migration)
leading to it (Fig. 4).
Where does this indeterminacy in the handedness of
migration stem from during development? The strains we
observed are unlikely to be genetically heterogeneous, es-
pecially those that are hermaphroditic or parthenogenetic.
Thus, the indeterminacy of P11/12 development is not the
s of reproduction in any form reserved.
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tions. If local cell interactions in the posterior region are
required for determination of the handedness of migration,
it is possible that the position of some signaling cell(s) may
vary between individuals. We observed the positions of
cells in the posterior region in some C. elegans individuals
ith the unusual handedness of migration, but failed to find
nusual positions of obvious candidate cells (such as Y or
eft–right asymmetric cells). We may have missed asym-
etric cells or earlier embryonic asymmetries. Alterna-
ively, the indeterminacy may be the result of a variable
nterpretation of a weakly, but consistently, asymmetric
ignal. Note that the mechanisms leading to variations in
he orientation of P11/12 migration between species are not
ecessarily the same as those leading to its indeterminacy
n a given species.
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